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HIGHLIGHTS 


•  Lio.95Nao.o5Nii/3Coi/3Mni/302  discharges  250.5  mAh  g  1  under  27  mA  g  l 

•  The  discharge  capacity  increased  after  the  cell  has  been  standing  still  for  3  months. 

•  It  is  the  first  example  to  substitute  partial  Li  atoms  for  Na  in  LiNii/3Coi/3Mni/302. 

•  The  substitution  makes  a  better  material  for  lithium  ion  batteries. 
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Phase  pure  Lio.95Nao.o5Nii/3Coi/3Mni/302  and  LiNii/3Coi/3Mni/302  have  been  synthesized  by  calcination  of 
co-precipitated  precursors.  Scanning  electron  microscopy  shows  that  the  powders  are  aggregated 
microplates  sized  between  100  nm  and  300  nm  in  diameter  and  50  nm  in  thickness.  Electrochemical 
tests  show  that  the  Li0.95Nao.o5Nii/3Coi/3Mni/302  discharges  initially  a  much  higher  capacity  under  a 
current  density  of  27  mA  g-1  (250.5  mAh  g_1)  than  LiNii/3Coi/3Mni/302  (155.4  mAh  g_1).  The  discharge 
capacity  at  the  70th  cycle  is  134.8  mAh  g-1  under  a  current  density  of  135  mA  g_1,  and  it  increases  to 
143.1  mAh  g-1  after  the  test  cell  has  been  standing  still  for  3  months.  The  latter  cell  exhibits  better  cycle 
performance  with  capacity  retention  of  99.02%  after  110  cycles  at  different  current  densities,  therefore, 
Lio.95Nao.o5Nii/3Coi/3Mni/302  is  capable  of  self-repairing. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  LiCoi/3Nii/3Mni/302  has  been  investigated 
extensively  as  an  alternative  to  LiCo02,  the  currently  used  cathode 
material  in  Li-ion  batteries.  LiCoi/3Nii/3Mni/302  is  isostructural  to 
LiCo02,  in  which  cobalt,  manganese  and  nickel  are  trivalent, 
tetravalent  and  divalent  cations,  respectively  [1];  also,  it  can  pro¬ 
vide  higher  energy  density  and  better  safety  characteristics  than 
LiCo02  2,3]. 

Various  synthetic  methods  have  been  applied  to  produce 
LiNii/3Mni/3Coi/302,  such  as  supercritical  water  method  [4],  tem¬ 
plate  method  [5,6],  solid-state  method  [7],  modified  radiated 
polymer  gel  method  [8],  inverse  micro  emulsion  method  [9], 
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hydrothermal  method  [10,11],  modified  Pechini  method  [12],  flame 
spray  pyrolysis  method  [13],  sol-gel  method  [14-17  ,  solvent 
evaporation  method  [18,19],  co-precipitation  method  [20-24],  and 
soft  chemistry  EDTA-based  method  [25].  Among  these  methods, 
co-precipitation  and  sol-gel  methods  have  been  found  powerful, 
economic  and  facile  for  large  scale  production  [11,26-27  ,  because 
the  transition-metal  ions  are  precipitated  homogeneously  and 
oxidized  in  the  aqueous  solution  at  the  molecular  level  [27]. 

To  improve  the  performance  of  LiNii/3Mni/3Coi/302  for  high- 
power  electric  devices,  surface  modification  has  been  attempted. 
For  example,  the  capacity  retention  can  be  increased  by  coating  the 
material  with  graphene  [9],  [B,A1]203  [22  ,  polypyrrole  [23],  CaF2 
[28],  polyamic  acid  [29],  ZnO  [30],  Cr203  [31]  and  LBO  glass  [32]. 
The  discharging  capacity  can  be  raised  by  coating  with  Cr203  [31] 
and  LBO  glass  [32]. 

Another  method  to  improve  the  performance  of  the  materials  is 
doping  [33-38].  For  example,  Cu  [14],  Zr  [24],  Mg  [25],  Y  [35],  Cr 
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[36],  Al  [14]  [37  and  Fe  [38]  are  used  to  substitute  part  of  Ni,  Co  or 
Mn,  which  can  improve  the  cycle  performance  of  LiNii/3Coi/3Mni/ 
3O2.  We  are  especially  interested  in  substitution  of  Li  for  Na, 
because  the  radius  of  sodium  is  bigger  than  lithium,  which  may 
increase  the  interlayer  space  and  make  the  intercalation  and  de¬ 
intercalation  of  lithium  faster.  To  best  of  our  knowledge,  there  are 
only  two  papers  on  replacing  Li  with  Na.  The  first  was  Na-doped 
LiFePCH/C,  which  discharges  a  higher  capacity  of  155  mAh  g-1  at 
0.2  C  and  104  mAh  g-1  at  10  C  than  the  undoped  material 
(142  mAh  g  1  at  0.2  C  and  57  mAh  g-1  at  10  C)  [39];  the  second  was 
Li1.05Na0.05Ni0.2Co0.3Mn0.4O2,  which  has  better  capacity  retention 
(92%)  than  LiNio.2Coo.3Mno.4O2  (80%)  after  50  cycles  at  0.25  C  rate 
[40].  Here  we  report  what  we  have  found  on  the  sodium  doped 
LiCoi/3Nii/3Mni/302.  To  make  a  good  comparison,  we  also  synthe¬ 
size  and  characterize  LiCoi/3Nii/3Mni/302  by  the  same  method. 

2.  Experimental 

2.1.  Preparation  of  the  samples 

The  precursor  was  prepared  as  follows:  10  mmol  each  of 
Ni(N03)2-6H20,  Mn(N03)2-6H20  and  Co(N03)2-6H20  were  dis¬ 
solved  in  50  mL  of  deionized  water,  then  an  aqueous  solution  of 
60  mmol  of  NaOH  was  added  to  the  solution  under  vigorous  stir¬ 
ring.  After  having  been  stirred  for  12  h  at  50  °C  in  nitrogen  atmo¬ 
sphere,  the  slurry  was  filtered,  washed  for  three  times,  and  then 
dried  at  room  temperature  in  vacuum. 

LiCoi/3Nii/3Mni/302  (denoted  as  sample  Li  hereafter)  was  pre¬ 
pared  by  mixing  LiOH  and  the  precursor  in  a  molar  ratio  of  1:1 
under  grinding  in  an  agate  mortar  for  20  min  at  room  temperature. 
The  obtained  mixture  was  put  into  a  muffle  furnace,  and  the  tem¬ 
perature  was  raised  to  450  °C  at  a  rate  of  2  °C  min-1.  After  the 
temperature  was  maintained  for  5  h,  the  temperature  was  raised 
again  to  850  °C  and  kept  for  15  h.  The  final  product  was  collected 
after  the  furnace  had  been  cooled  naturally  to  room  temperature. 

Sodium  doped  LiCoi/3Nii/3Mni/302  (denoted  as  sample  LiNa 
hereafter)  was  prepared  in  the  same  way  as  above,  but  a  mixture  of 
LiOH  and  NaOH  in  a  molar  ratio  of  95:5  was  used  instead  of  sole 
LiOH. 

2.2.  Experimental  techniques 

X-ray  diffraction  (XRD)  was  measured  on  an  SHIMADZU  XD-3A 
using  Cu  Ka  radiation,  A  =  1.54178  A  and  a  scanning  rate  of 
10°  min-1.  The  morphologies  and  microstructures  of  the  products 
were  characterized  by  a  scanning  electron  microscope  (SEM,  FESEM 
Hitachi  S-4800  II).  Chemical  compositions  of  the  samples  were 
determined  using  an  inductively  coupled  plasma/atomic  emission 
spectrometer  (ICP-MS,  PE  ELAN-9000). 

The  electrochemical  performance  of  each  sample  was  evaluated 
with  a  standard  CR2032  coin  cell  with  a  lithium  disc  as  the  negative 
electrode,  a  polypropylene  membrane  (Celgard  2300)  as  the  sepa¬ 
rator  and  1  M  LiPFg  in  ethylene  carbonate  (EC)  —  dimethyl  car¬ 
bonate  (DMC)  as  the  electrolyte.  The  cathode  was  prepared  by 
coating  a  slurry  consisting  of  a  sample  (80  wt.%),  acetylene  black 
(10  wt.%),  and  poly(vinylidene  fluoride)  (PVDF)  (10  wt.%)  dispersed 
in  l-methyl-2-pyrrolidinone  (NMP)  onto  an  aluminum  foil  with  an 
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Fig.  1.  XRD  patterns  of  the  samples. 

agate  pestle.  The  cathode  was  then  dried  at  100  °C  for  24  h  in  a 
vacuum  drying  oven.  The  mass  of  the  active  material  in  each  disc 
was  about  1.5-2.5  mg.  All  batteries  were  assembled  in  an  argon- 
filled  glove  box. 

The  charge  and  discharge  tests  were  performed  in  the  potential 
range  of  2.0-4.5  V  at  room  temperature  on  a  multichannel  battery 
cycling  unit  (LAND  5.7).  Cyclic  voltammetry  (CV)  was  determined 
by  an  electrochemical  workstation  (Corrtest  CS350)  at  a  sweep  rate 
of  0.5  mV  s-1,  the  reference  and  auxiliary  electrodes  were  a  lithium 
disc.  The  electrochemical  impedance  spectroscopy  (EIS)  was  also 
done  with  the  coin  cell  on  the  electrochemical  workstation  and  a 
frequency  response  analyzer  controlled  by  Z-plot.  The  measure¬ 
ments  were  performed  in  the  frequency  range  100  kHz  to  0.001  Hz 
with  AC  signal  amplitude  of  10  mV.  Data  analysis  was  done  using 
the  software  Z  view  2. 

3.  Results  and  discussion 

3.1.  Structure  and  morphology 

The  elemental  analyses  of  the  samples  were  performed  using 
ICP  technique.  As  indicated  in  Table  1,  the  deduced  formulas  for 
both  samples  were  LiNii/3Coi/3Mni/302  and  Lio.gsNao.osNii^Coi/ 
3Mni/302  respectively. 

Fig.  1  shows  the  XRD  patterns  of  the  samples.  For  each  sample, 
all  the  diffraction  peaks  can  be  indexed  on  a  hexagonal  cell  with  the 
space  group  of  R-3m  as  reported  [4].  The  calculated  lattice  pa¬ 
rameters  (a  and  c)  and  standard  values  of  deviation,  the  c/a  values, 
and  the  /(oo3)/J(io4)  values  are  listed  in  Table  2.  It  can  be  seen  that  the 
parameters  a  and  c  for  sample  Li  (LiCoi/3Nii/3Mni/302)  are  2.8738  A 
and  14.2876  A;  those  for  sample  LiNa  (Lio.gsNao.osNii^Coi^Mni/ 
302)  are  2.8748  A  and  14.3009  A,  respectively.  Standard  values  of 
deviation  for  a  and  c  are  all  smaller  than  the  expanding  values 
(0.0010  A  and  0.0133  A)  by  sodium  doping,  therefore,  the  lattice 
expands  upon  sodium  doping.  It  is  known  that  cation  mixing  occurs 
easily  in  LiCoi/3Nii/3Mni/302  because  the  radius  of  Li+  (0.076  nm)  is 


Table  1 

The  measured  elemental  contents  of  the  samples  with  calculated  values  in  brackets. 


Sample 

Li 

Na 

Ni 

Co 

Mn 

LiNii/3Coi /3Mni /3O2  (Li) 

Lio.95Nao.o5Nii/3Coi /3Mni/302  ( LiNa) 

7.19  (7.20) 

6.77  (6.78) 

1.18  (1.18) 

20.61  (20.28) 

20.74  (20.11) 

20.51  (20.36) 

20.05  (20.20) 

18.52  (18.98) 
18.37  (18.83) 
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Table  2 

Key  structural  features  of  the  samples  with  standard  values  of  deviation  in  brackets. 
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Synthesized  material 

Particle  size,  nm  (SEM) 

a(  A) 

c(  A) 

Cell  volume  (A)3 

c/a 

J003/J104 

Tap  density  (g  cm  3) 

Sample  Li 

100-300 

2.8738  (6) 

14.2876  (36) 

102.19 

4.9717 

1.2043 

0.8724 

Sample  LiNa 

100-300 

2.8748  (3) 

14.3009  (14) 

102.36 

4.9746 

1.4499 

1.4740 

Fig.  2.  SEM  images  of  the  (a)  precursor  and  (b)  sample  Li  and  (c)  sample  LiNa. 


similar  to  that  of  Ni2+  (0.069  nm);  and  the  greater  the  values  of 
f(003)/f(i04)  and  c/a,  the  better  the  layered  structure  develops  and  the 
less  cation  mixing  occurs  [41  ].  Here,  the  values  of  c/a  (4.9746)  and 
f(003)/f(i04)  (1.4499)  are  a  bit  higher  than  those  of  sample  Li  (4.9717 
and  1.2043),  indicating  substitution  of  Na  for  Li  in  LiCoi/3Nii/3Mni/ 
3O2  can  reduce  the  degree  of  cation  mixing.  As  it  has  been  known, 
both  Na  and  Li  should  occupy  3a  site  in  the  samples  [42,43]. 

Fig.  2  shows  the  SEM  images  of  the  precursor  and  the  two 
samples,  and  all  those  are  microplates.  For  the  precursor,  the 
average  diameter  is  200  nm  and  the  thickness  is  50  nm.  The  both 
samples  are  more  regular  than  the  precursor.  The  sodium  doped 
sample,  LiNa  shows  smaller  average  size  but  severer  aggregation. 
Table  2  also  lists  the  tap  densities  of  the  samples,  that  of  sample 
LiNa  is  higher  than  that  of  sample  Li,  which  may  come  from  the 
severer  aggregation  as  shown  in  the  SEM  image. 

3.2.  Electrochemical  performance 

CV  was  carried  out  to  monitor  the  electrochemical  reactions 
during  charge-discharge  process  in  the  voltage  range  of  2.0-4.5  V 
at  a  scan  rate  of  0.5  mV  s-1.  As  shown  in  Fig.  3,  sample  LiNa  displays 
the  sharper  redox  peak  and  smaller  peak  potential  differences  (A E) 
than  sample  Li.  This  suggests  that  faster  and  better  reversibility  of 
the  Li  intercalation  and  de-intercalation  processes  occur  on  the 
former  electrode  [44].  The  CV  curves  of  the  two  samples  are  similar 
to  that  of  LiMni/3Coi/3Nii/302  in  a  report  [45]. 

Fig.  4  shows  the  charge-discharge  curves  of  samples  Li  and  LiNa 
at  current  densities  of  27  mA  g-1  (0.1  C)  and  135  mA  g-1  (0.5  C).  The 
initial  discharge  capacities  of  these  two  samples  are  155.4  and 
250.5  mAh  g-1  at  the  current  density  of  27  mA  g_1,  86.2  and 
153.2  mAh  g-1  at  the  current  density  of  135  mA  g-1,  respectively. 
The  discharge  capacity  of  sample  LiNa  is  much  higher  than  that  of 
sample  Li.  This  agrees  with  the  CV  curves.  In  a  report,  the  discharge 
capacity  of  Li1.1Nio.2Coo.3Mno.4O2  also  has  been  improved  by  doping 
with  Na  40].  Fig.  5  shows  the  curve  of  discharged  capacities  at 
different  rates  along  with  cycle  number.  It  can  be  seen  that  sample 
Li  discharges  almost  nothing  at  5  C,  but  sample  LiNa  still  discharges 
37  mAh  g-1;  therefore  sodium  doping  brings  out  better  high  rate 
performance. 


0.6 

0.4 

|  0.2 
0.0 

-0.2 

-0.4 

2.0  2.5  3.0  3.5  4.0  4.5 

E  (V) 

Fig.  3.  Cyclic  voltammetry  of  sample  Li  and  sample  LiNa. 
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Capacity(mA.h/g) 

Fig.  4.  The  charge-discharge  curves  of  the  samples. 

As  we  have  pointed  out  in  the  Section  3.1,  sodium  doping  makes 
the  lattice  expand  a  little,  especially  the  parameter  c,  because  the 
radius  of  sodium  (0.102  nm)  is  bigger  than  lithium  (0.076  nm). 
Therefore,  sodium  doping  of  the  sample  LiNa  increases  the  inter¬ 
layer  space  and  make  the  intercalation  and  de-intercalation  of 
lithium  easier.  As  a  consequence,  the  electrochemical  performance 
of  the  sample  LiNa  is  better  than  the  sample  Li,  especially  at  high 
rate  discharging  processes.  Similar  effect  has  been  found  in  zinc 
doping  of  LiFePCU,  which  enlarges  the  lattice  volume  and  protects 
the  crystal  from  shrinking  during  de-intercalation  and  intercalation 
process  of  lithium  ions,  because  it  provides  larger  space  for  the 


Fig.  5.  The  cycling  behavior  of  the  samples. 
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Table  3 

Impedance  analysis  of  sample  Li  and  sample  LiNa. 


Samples 

Rs 

Rt 

CPE1 

Ret 

CPE2 

Wo 

LiNa 

6.734 

14.280 

2.354e-5 

1630 

5.005e-3 

1285 

Li 

13.100 

8.901 

1.193e-5 

2377 

3.380e-3 

1134 

movement  of  lithium  ions  and  improves  the  electrochemistry 
performance  of  LiFePC^  [34]. 

The  charged  capacity  of  sample  LiNa  is  381.5  mAh  g_1  in  the  first 
cycle,  but  the  discharged  capacity  is  only  250.5  mAh  g  \  therefore, 
there  is  the  first  irreversible  capacity  (131.0  mAh  g_1).  The  charged 
capacity  is  much  bigger  than  the  theoretical  capacity 
(270  mAh  g-1),  we  believe  that  part  of  the  charged  capacity  comes 
from  the  oxidation  of  the  impurities  in  the  test  cell  [21,46].  Also,  it  is 
possible  that  some  of  the  active  materials  cannot  be  reduced  during 
discharge  due  to  poorer  electric  contact  [47,48]. 

Fig.  6  shows  the  Nyquist  plots  of  the  samples  after  80  charge- 
discharge  cycles  between  2  V  and  4.5  V  at  the  current  density  of 
27  mA  g1,  and  Table  3  lists  the  parameters  for  the  simulated  cir¬ 
cuit.  It  is  clear  that  the  charge-transfer  resistance  of  sample  LiNa  is 
smaller  than  that  of  sample  Li,  which  again  shows  that  sodium 
doping  improves  the  kinetic  behavior  of  intercalation  and  de¬ 
intercalation  of  Li+. 


3.3.  Self-repairing  capability  of  the  battery 


We  have  tested  again  a  cell  (which  will  be  called  as  3-month  cell 
hereafter)  that  had  been  standing  for  3  months  after  70  charge- 
discharge  cycles.  Fig.  7  shows  the  cycling  behavior  at  various  rates 
of  discharge  between  2.0  V  and  4.5  V.  The  initial  discharge  capacity 
of  the  3-month  cell  (143.1  mAh  g-1)  is  higher  than  that  of  the  70th 
cycle  discharge  capacity  of  the  newly  made  cell  (134.8  mAh  g_1)  at 
the  current  density  of  135  mA  g-1.  The  newly  made  cell  faded 
quickly  with  about  2.51%  in  the  first  ten  runs.  The  cycling  perfor¬ 
mance  of  the  3-month  cell  was  much  better;  the  total  capacity 
retention  is  99%  in  another  110  cycles.  Therefore,  the  cell  which 
uses  sample  LiNa  as  cathode  material  has  self-repairing  capability, 
which  means  aging  is  good  for  the  material. 

The  CV  curves  of  the  newly  made  cell  and  3-month  cell  which 
used  sample  LiNa  as  the  cathode  material  are  shown  in  Fig.  8.  It  can 
be  seen  that  the  CV  curves  of  the  3-month  cell  shows  better  sym¬ 
metry  and  stronger  redox  peaks,  which  means  that  its  cycling 
performance  is  improved. 

Fig.  9  shows  the  Nyquist  plots  of  the  3 -month  cell  and  the  newly 
made  cell  after  80  charge-discharge  cycles  at  the  current  density  of 
135  mA  g-1.  The  inset  shows  the  enlarged  curve  for  Z'  from  5  Q  to 


Cycle  Number 


Fig.  6.  AC  impedance  spectra  of  sample  Li  and  sample  LiNa  in  the  frequency  range 
from  100  kHz  to  0.01  Hz  after  2  V  discharged. 


Fig.  7.  Cycling  behavior  at  various  discharge  rates  of  both  the  newly  made  cell  and  the 
3-month  cell. 
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Fig.  9.  Nyquist  plots  of  newly  made  cell  and  3-month  cell  after  2  V  discharged. 


Table  4 

Impedance  analysis  of  newly  made  cell  and  3-month  cell. 


Cells 

Rs 

Rt 

CPE1 

Ret 

CPE2 

Wo 

Fresh  made  cell 
3-month  cell 

6.734 

6.417 

14.28 

29.42 

2.354e-5 

1.606e-5 

1630 

1366 

5.005e-3 

5.058e-3 

1285 

271.3 

45  Q.  Table  4  lists  the  parameters  for  the  simulated  circuit.  It  is  clear 
that  the  charge-transfer  resistance  of  the  3-month  cell  is  smaller 
than  that  of  the  newly  made  one.  The  3-month  cell  shows  faster  Li+ 
kinetic  behavior  and  better  charge-discharge  performance. 

4.  Conclusions 

Samples  of  a  ternary  Li-ion  battery  cathode  material,  LiNii/3Coi/ 
3Mni/302  (the  sample  Li)  and  its  sodium  doped  material 
Lio.95Nao.o5Nii/3Coi/3Mni/302  (the  sample  LiNa)  have  been  suc¬ 
cessfully  synthesized  by  baking  a  co-precipitated  precursor,  NiC- 
oMn(OH)6  with  LiOH  or  a  mixture  of  LiOH  and  NaOH.  Both  samples 
are  aggregated  microplates,  but  sodium  doped  one  is  severer 
aggregated. 

Sodium  doping  makes  the  structure  more  regular  and  the  cation 
mixing  of  Li+  and  Ni2+  lighter.  Also,  the  separation  of  MO2  layer 
becomes  bigger,  which  makes  Li+  easier  to  migrate  in  between  the 
layer  and  out  of  the  layer.  That  is  the  reason  why  the  sodium  doped 
sample  discharges  much  greater  capacity  at  various  rates,  espe¬ 
cially  at  the  high  rates.  Interestingly,  if  the  sample  in  the  test  cell 
has  been  aged  for  3  months,  it  shows  better  cycling  performance. 
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